INTRODUCTION
The tetranucleotide loop sequence, r[C(UNCG)G], is exceptionally common in ribosomal and messenger RNAs (1) (2) (3) . This motif displays unusual thermodynamic stability (2, 4) and is thought to be important as a nucleation site for RNA folding or as a protein recognition site (5) . However, although hairpin structures do exist in naturally occurring DNAs (cruciforms), exceptionally stable tetraloops are not known to exist.
Previous studies on the loop sequence in RNA, r(C(UNCG)G], or DNA, d[C(TNCG)G], have not revealed the structural differences between the RNA and DNA hairpins. Sakata etal.'s, (6) thermodynamic comparison of synthetic oligonucleotides revealed a relation between enhanced stability and nucleic acid type. However, an analysis (5,7) of the solution structure of the RNA hairpin yielded results that do not fully explain Sakata et al. 's data. Sakata et al. (6) , found several factors were important for enhanced thermodynamic stability: an A-form stem and/or the lack of T methyl groups in the loop, the presence of the G amino group in the loop, and the presence of the sugar hydroxyl groups in the loop. The NMR analysis (5, 7) , however, determined that while the RNA hairpin was highly structured, there was no evidence from either the NMR data or the structural modeling that the G amino group or the sugar hydroxyl groups were involved in specific structural interactions. An equivalent structure was possible for the DNA analogue. Previous work on synthetic DNA hairpins demonstrates that loop structure in DNA, like RNA, is sequence dependent, and base pairing in DNA tetraloops has been observed (8) . Therefore, the question of whether the specific structure of the RNA hairpin could explain the thermodynamic properties still remained. It is conceivable that the RNA and DNA molecules form similar structures, but RNA is simply inherently more stable. RNA helices are more stable thermodynamically than DNA helices (9) .
In this report we present the solution structure of the DNA hairpin, 5'-d[GGAC(TTCG)GTCC]-3' (numbering system 1 through 12, 5' to 3') determined by applying NMR-derived interproton distance and torsion angle constraints to dynamical simulated annealing and energy minimization. The structure is then compared to the RNA analogue. Experimental data coupled with modeling results reveal the loop is highly dynamic and nonstructured. Each structure obtained from the modeling contains a unique and significantly different loop conformation. Therefore, the precision with which this molecule can be described is reduced compared with the RNA hairpin.
MATERIALS AND METHODS
The oligodeoxynucleotide was synthesized on an Applied Biosystems DNA synthesizer using standard phosphoramidite chemistry. The DNA was deprotected and detached from the support beads by incubation in 28%-30% ammonium hydroxide at 55°C overnight. The ammonia was removed by vacuum (Savant Speed vac), and the sample was rinsed twice with doubly distilled water and concentrated under vacuum. The DNA was purified on a 20% polyacrylamide denaturing gel (tris-borate buffer, 8 M urea, pH 8.5), run at 40 W for 7 hrs. The slowest and widest band was visualized with a UV light source and cut from the gel for electroelution. The eluted samples were pooled, ethanol precipitated twice, and redissolved in water. The sample volume was reduced under vacuum and microdialyzed into 10 mM sodium phosphate and 10 mM EDTA, pH 6.9. The sample was about 2 mM in DNA concentration when dissolved in 600 nL of buffer. The oligodeoxynucleotide exists as a hairpin (or single strand) under these conditions. Even in 1 M NaCl the concentration dependence of the melting curves gave no evidence for double strand formation (4) .
For all nonexchangeable proton experiments, the dialyzed sample was lyophilized to dryness and dissolved in 99.99% D2O (Altec) three times, then resuspended under nitrogen in 99.99% D2O to a final volume of 600 /iL. The NMR sample tube was stored at 4 °C in a sealed bottle containing Drierite between experiments. For exchangeable proton experiments, the sample was lyophilized to dryness and resuspended in 90%/10% H2O/D2O to a final volume of 600 /tL. Experiments were done on a Bruker AMX 600 MHz spectrometer operating at 600 MHz for protons and 242 MHz for phosphorus. Data were processed with FTNMR.
One-dimensional spectra in D 2 O were collected using presaturation of the HDO peak. Nonexchangeable, twodimensional spectra were collected in the phase-sensitive mode with the TPPI method (10) and presaturation of the residual HDO resonance. A long mixing time NOESY (400 ms) was used for assigning the spectrum. 2K points were collected in t 2 and 400 in t,, at 35°C, with a sweep width of 5,000 Hz. NOE buildup NOESY were collected at 15°C, with various mixing times (80, 120, 200 ms). 2K points were collected in t 2 and 360 in t!, with a 5,000 Hz sweep width. The data were zero-filled to IK real points in tj and skewed sine bell apodization was applied in berth dimensions (30°-50° phase shift).
A double-quantum filtered, phosphorus-decoupled COSY (DQF COSY) was collected at 25°C. 4K points were collected in t 2 and 900 in t b with a sweep width of 4,808 Hz. The data were zero-filled to 2K real points in ti for a resolution of 2 Hz per point. Sine bell apodization was applied (30°).
A Purged Exclusive COSY (P. E. COSY) was collected at 35 C C in hypercomplex mode. 4K points in t 2 and 900 (450 complex points) in t] were collected, with a sweep width of 4,808 Hz. The data were zero filled to 4K in both dimensions for a resolution of 1 Hz per point. Sine bell apodization was applied (50°).
A 'H-3I P heteronuclear COSY was collected at 25° C on a Bruker 400 MHz spectrometer (operating at 162 MHz for phosphorus). 4K points were collected in t 2 and 168 in t!, with a sweep width of 1,362 Hz in t 2 and 1,600 Hz in t,. The data were zero-filled to 4K real points in ti and skewed sine bell apodization was applied (30°).
NOESY spectra in H 2 O were collected using the 11 jumpreturn sequence (11) with a 100 ms mixing time, at 5°C. 4K points in t 2 and 288 in t] were collected, with a sweep width of 10,870 Hz. The data were zero-filled to 4K real points in t, and skewed sine bell apodization was applied (65°).
Interproton distances between nonexchangeable protons were estimated from NOE buildup rate analysis of NOESY spectra collected with mixing times of 80, 120, and 200 ms. NOE volume integration was done with FTNMR. The buildup rates for the cytosine H5-H6 protons agreed for three of the four cytosines in the molecule, C4, C7, and C12. The average value for those three was used to reference all distances. However, the lack of agreement for all the H5-H6 buildup curves is an indication that the assumption of a single correlation time for the molecule is incorrect.
To account for the uncertainties in the distances obtained, distance ranges were used during modeling. The NOEs were classified as strong, medium, weak, and not present. The distance ranges were 1.8-3.0 A, 2.0-4.0 A, 2.5-5.0 A, and >3.5 A, respectively, which were the same ranges used in the modeling of the analogous C(UUCG)G hairpin (5,7), except the not present NOEs for that molecule were classified as >4 A. Since the intensity of NOEs involving exchangeable protons also rely on the exchange rate, distance constraints were set to 2.0-5.0 A between protons when cross peaks were present. No constraints were applied for absent NOEs involving exchangeable protons.
'H-'H scalar couplings were measured from high resolution DQF-COSY and P. E. COSY. The sums of the scalar couplings (Ej) were measured instead of individual couplings (Jy), except for the Hl'-H2' and HI'-H2" couplings. The coupling data were then analyzed using a graphical approach (12) . E r , E 2 '» ^2-. Ji'2', and Jj-2 . values were used. From the analysis, the five torsion angles that describe the deoxyribose sugar ring, v 0 -v 4 , were determined. An error margin of ± 5° was used during modeling to account for uncertainties in the measurements.
A "H-31 P heteronuclear COSY provided qualitative information about the backbone torsion angles. The phosphorus resonances were clustered in an 0.7 ppm range around -4.2 ppm, referenced to TMP at 0 ppm. The lack of downfield-shifted resonances in the phosphorus dimension was taken as evidence that none of the a (O3'-P-O5'-C5') or f (C3'-O3'-P-O5') backbone torsion angles adopted the trans conformation. These two angles were therefore constrained to the gauche conformation (0° ± 120°). In DNA, the backbone angle e (C4'-C3'-O3'-P) can adopt either the trans or the gauche"~ conformation and they can not be distinguished from one another. Thus, e is constrained to -120° ± 120°. If the backbone angles /3 and 7 adopt the trans, gauche + conformation respectively, the P and H4' nuclei adopt a 'W conformation and the P to H4' coupling is observable (13) . Additionally, the H4' to H5' and H4' to H5" couplings are small, due to the conformation about y, and the P to H5' and P to H5" couplings are small and similar due to the conformation about /3 (13) . This combined effect yields symmetrical P to H5' and P to H5" cross peaks in the 'H-31 P COSY spectrum with the £5' and E5" couplings of magnitude of ~20 Hz or less (the geminal H5' to H5" coupling is ~ 12 Hz). The presence of P to H4' cross peaks, and of symmetrical P to H5' and H5" cross peaks of similar magnitude, indicate /3 (P-O5'-C5'-C4') adopts the trans conformation (180° ± 60°), while y (O5'-C5'-C4'-C3') is gauche + (60° ± 60°) for most of the residues. The backbone angles /3 and y could not be constrained for four of the nucleotides due to severe overlap in the spectrum.
The X-PLOR package, version 2.0 (14), was used for modeling the structure of the DNA hairpin. Interproton distance and torsion angle constraints were applied during dynamical simulated annealing with restrained molecular dynamics followed by energy minimization. Since the terminal base pair is dynamic and the C12 sugar is in C2'-endo-C3'-endo equilibrium, few experimental constraints could be determined for the terminal base pair. Therefore, artificial internucleotide distance and intranucleotide torsion angle constraints were applied to the terminal base pair to ensure a B-form closing base pair. In addition, distance constraints corresponding to the H-bond distances between base paired nucleotides were also included and were the only Hbonding constraints applied. No other artificial constraints were applied. Randomized starting structures were generated, and the molecule was folded in several steps. First, a global fold was done by applying the NMR-determined distance constraints while performing dynamical simulated annealing and energy minimization The distance constraints were applied in two steps; short range distances were applied first (N and N+1 distances), then short and long range distances. During this round of calculations, a pure repulsive van der Waals contact and no electrostatic terms were used to reduce calculation time. Structural refinement was then achieved by applying the NMR determined torsion angle constraints as well as the distance constraints while again performing dynamical simulated annealing and energy minimization. The torsion angles were also applied in steps, in the order v Q -v A , VQ-V^ and 7, VQ-V A , 7, /3 and e, and finally, v o~vAy 7» £. «» a and f. During refinement a Leonard-Jones 6-12 potential and electrostatics are included. The entire structure was then submitted to energy minimization to ensure good atomic contacts within the structure.
RESULTS AND DISCUSSION NMR analysis
The nonexchangeable proton spectrum was assigned from a 400 ms mixing time NOESY experiment referenced to the HDO signal at 4.66 ppm (T = 35°C). At this temperature, overlap in the aromatic region is minimized, as determined from onedimensional spectra collected as a function of temperature. The aromatic H8, H6, and H5 resonances and the sugar HI', H2', and H2" resonances were assigned by following connectivity pathways through the H8/H6 to H5/H1' and H8/H6 to H27H2" regions. These two regions were taken together to ensure consistency in the assignment patterns of the H8 and H6 resonances. These assignments were consistent with other regions of the spectrum and used to assign the H3' and H4' resonances. Additionally, a DQF-COSY experiment verified the H2', H2" and cytosine H5 resonances. All of the non-exchangeable protons except for the H5' and H5" protons were assigned. Several exchangeable amino and imino assignments were made from a NOESY experiment collected in chemical shifts were assigned from a 'H-31 P COSY (25°C) through the H3'-P cross peaks, referenced to TMP at 0 ppm. Table 1 lists the assigned resonances for the DNA hairpin.
At T = 35 °C and r m = 400 ms, an assignment connectivity pathway could be followed in the H8/H6-H1' region originating at G2 and continuing to C4. A connectivity could be traced from G9 to Cll as well. Intranucleotide H8/H6-H1' NOEs were present for the remaining residues (Figure 1) . The H8/H6-H2'/H2" region of the NOESY spectrum provided a more complete connectivity pathway, originating at Gl and continuing to C7, and from G8 to C12 (Figure 2) . NOESY spectra were collected as a function of the mixing time, tn,, for NOE buildup analysis and distance determination. These spectra were collected at 15°C to reduce the internal loop dynamics suggested by the lack of internucleotide NOEs in the loop. Lower temperatures slow the dynamics but increase the spectral overlap; the H8 resonances of Gl, G2, and G8 collapse into a single peak by 5°C. Although the resonances shift at the new temperature, the resonance patterns are the same. The connectivity pathway described above could be followed, except for the step between T10 and Cll, which was obscured by overlap in the spectrum. A connectivity between Cl 1 and C12 appears at this temperature, however. Mixing times of 80, 120, and 200 ms were used. A single correlation time for the molecule was assumed for NOE buildup analysis using the simple equality, NOEjj/NOEtoo^ = rkn^/ry 6 . Buildup curves were first calculated for the cytosine H5-H6 NOEs. The buildup rate for Cll is 20% larger than the buildup rates for the remaining C residues (Figure 3) , indicating that the assumption of a single correlation time is not correct. The difference in the buildup rates could be due to dynamics in the loop and at the terminus of the stem. The average value for the initial slope of the buildup curves for C4, C7, and C12 was used as the standard, known value in this analysis. Interproton distance ranges were determined for the DNA hairpin, which reflect and account for the uncertainty in the calculated distances from this analysis. Ranges used were strong (1.8-2.5 A), medium (2.0-4.0 A), weak (3.5-5.0 A). In some nonambiguous cases where two protons are clearly not close (where dynamic processes could not be responsible for the lack of an NOE), a distance restraint of >3.5 A was used. The NOESY spectrum collected in H 2 O provided information about H-bonding in the molecule. Downfield imino chemical shifts (12.82-13 .86 ppm) and NOE connectivities between the C(amino) and G(imino) protons of Gl and C12, G2 and Cll, and G9 and C4, and between the A3(H2) proton to the T10(imino) proton, provided evidence that base pairing was occurring in the stem of the hairpin (Figure 4 between 10.6 and 11.3 ppm, however, that correspond to the imino protons of T5, T6, and G8. These imino protons are not involved in base pairing interactions, as indicated by the chemical shift.
A COSY analysis was done for the hairpin to gather information about torsion angles. The graphical analysis designed by Rinkel & Altona (12) was applied. Sums of couplings, Ej, were measured instead of the individual couplings, except for J [7' and Ji7-, which were determined both from this experiment and a P. E. COSY. Table 2 contains the coupling constants determined. The sums of the couplings are plotted versus the pseudorotation angle, P, as a function of the sugar pucker amplitude, 4>, yielding the values of these parameters ( Figure 5 ). P and <f> were then converted to the torsion angles v^-v( e n =4>cos[P+144(n-2)] where v = 0,1,2,3,4), which also describe the sugar ring conformation (as well as the backbone angle 6), and can be used as constraints during modeling. It was determined that the sugars in the molecule all adopt the C2'-endo conformation, except for Cll and C12, which are equilibrium mixtures of C2'-endo and C3'-endo conformations (~ 50% C2'-endo). This provides further evidence that the terminal base pair is dynamic.
To determine the conformation of the backbone a 'H-31 P COSY was collected ( Figure 6 ). The 31 P chemical shifts are all clustered within a 0.7 ppm range about -4.2 ppm referenced to TMP at 0 ppm, indicating all of the a and \ torsion angles adopt the gauche conformations. The presence of P-H4' couplings and symmetrical P-H5' and P-H5" couplings indicated that (3 is trans and y is gauche + for most of the residues. This region of the spectrum, however, is severely overlapped and /3 and 7 could not be determined for four of the nucleotides. The angle e was constrained to the trans and gauche" conformations, as both can be adopted by this angle, and they can not be distinguished from one another due to the symmetry of the P to the H3' proton in both conformations. Table 3 contains the conformational ranges determined for the torsion angles.
From the NMR analysis, the following structural characteristics for the DNA hairpin can be described. This molecule forms a hairpin under the conditions of 2 mM DNA concentration in the presence of 10 mM Na + , as determined from H 2 O NOESY spectra. Downfield imino and amino chemical shifts and interstrand NOE connectivities provide evidence of H-bonding interactions between the stem nucleotides However, upfield imino chemical shifts of the loop residues indicate that there are no H- Gl  G2  A3  C4  T5  T6  C7  G8  G9  T10  Cll  C12   po   179  174  186  193  189  182  193  198  198  187  144  -40  40  40  40  40  40  40  -40  40  40  -%S   >90  >85  >90  >90  ->85  ->85  >90  - •Values are given in degrees. Conformational ranges were determined for the backbone angles (g = gauche and t = trans). Dashed lines indicate values that could not be determined and na = not applicable.
bonding interactions in the loop; there are four bases in the loop, T5, T6, C7, and G8, as predicted from the sequence. There are no intense H8/H6-H1' NOEs. Therefore, all of the glycosidic torsion angles adopt the anti conformation. The stem is B-form, with a terminal base pair that is somewhat dynamic, based on NOE buildup and sugar conformation analysis. Breaks in die H8/H6-H1' connectivity pathway that are not present in the H8/H6-H2'/H2" pathway indicate that irregular stacking Figure 7 . The nine accepted structures with the stems superimposed. Conibrmational deviations in the stem are less than 1 A RMSD. The loop is highly variable, with 2 -11 A RMSD/nucleotide. The flexibility depicted in this figure is probably an accurate representation of this molecule. However, the possibility of a single loop conformation that can not be defined from NMR determined constraints can not be ruled out.
interactions continue into die loop from the 5'-end of the stem through to C7, but the loop is largely unstructured and at least partially dynamic. Finally, an almost total lack of internucleotidal NOEs to G8 indicate that either this residue is far from C7 and G9, or it is highly dynamic.
Molecular modeling with X-PLOR
Molecular modeling was done on the hairpin using the X-PLOR package (version 2) by Axel Brunger (14) . Eleven modeling runs were done, of which all were energetically reasonable. Three of these eleven, however, violated too many experimental constraints (> 6 violations) to be accepted as having reached convergence. The three rejected models were resubmitted to refinement and rninimization, after which one satisfied both the experimental constraints and energy requirements satisfactorily, one diverged, and the third remained essentially the same. Thus, nine structures were accepted. The accepted structures were compared and the stems for all nine structures superimpose to within less than 1 A RMSD ( Figure 7) . If the stem and loop regions are superimposed together, however, the fit for die stem is about 2 A RMSD, and the fit for the loop nucleotides varies between 2 to 11 A RMSD/nucleotide. The nucleotides in the loop are underconstrained due to the lack of intemucleotide NOEs between these residues. This is probably due to the inherent flexibility of the loop, and dius is reflected quite well in the modeling. It is also possible that die loop adopts a single conformation that is not defined by the data because of the 5 A distance limitation of NMR. This is probably not the case, as the cytosine H5-H6 buildup curves provide direct evidence for dynamics in the loop.
The average values for die torsion angles, pseudorotation angles, and pucker amplitudes for the nine accepted structures are given in table 4. The standard deviations reflect the degree to which the data constrained the angles. Large ranges were used during modeling for the backbone angles or, /3, y, e, and f (Table 3) . Therefore, large standard deviations are not surprising. The backbone angle, 6, however, was defined by the sugar angles, v o -v^, which were constrained to ± 5°. Therefore, the •If a structural subset was clearly discernible, the average value for the set is given below the main entry. The standard deviations reflect the data ranges used to constrain the backbone angles. The backbone angle & is well defined as vo~p*> which were calculated from P and </ > (see text), were used to constrain this angle. standard deviations for 5 are small. All calculated structures agree with the experimental constraints, except for the sugar pucker amplitudes, which were experimentally determined from the scalar couplings as being at the high end of the range, 40°, but calculated from XPLOR as being at the low end of the range, 30°. This phenomenon is probably due to the bias of the electrostatic potential and force field parameters used during modeling, and is an artifact. In general, the limitations of molecular modeling should not be forgotten, and although this procedure allows one to visualize the conformation of a molecule, it cannot provide an accurate view of a dynamic species. At best, modeled structures provide a snapshot of a conformation range. A robust, or universal, protocol has not been found that is capable of modeling a wide range of molecules. For example, although the protocols used for modeling the r[C(UUCG)G] hairpin and the d[C(TTCG)G] hairpin are similar, they are not the same. It was found that the distance constraints had to be applied in two steps during the global fold for the DNA hairpin, while only one step was necessary for the RNA molecule (15) . 
r(C(UUCG)G] hairpin
The stem is A-form G8 adopts the syn conformation.
U5 and G8 form a reverse-wobble base pair.
The C7 amino group forms a favorable contact with the phosphate between U5 and U6.
U6 stacks on the C7 sugar.
d[CCITCG)G] hairpta
The stem is B-form.
G8 is ami, there are no syn nucleotides
There is no evidence of H-bonding in the loop.
No interactions of bases with phosphate groups are seen.
T5, T6, and C7 have irregular stacking interactions with each other and the stem.
The loop is rigid. The loop is flexible.
The thermodynamic properties of these molecules are reflected in the structures. The melting temperature for the RNA hairpin (T m = 76.2°C in 0.5 M NaCl) is nearly 20°C higher than normal for tetraloop hairpins of its size, while that for the DNA hairpin (T m = 60.4°C) is average (4). This is partly due to the specific H-bonding and stacking interactions that occur in the RNA loop which contribute to the thermodynamic stability. The DNA molecule, however, has an unstructured loop which does not contribute to stability. The specific contributions to the structural differences, however, are not understood.
CONCLUSION
We have determined the structural differences between the r[C(UUCG)G] and d[C(TTCG)G] hairpins, and have found that the thermodynamic properties of these molecules is reflected by the loop structures. The RNA loop is highly structured and rigid, while the DNA loop is nonstructured and flexible. Yet, only two chemical features differ between RNA and DNA, the hydroxyl group at the 2' position of the ribose sugar and the methyl group on thymidine. An effort has been made to understand the contribution of these functional groups to structure.
RNA helices naturally adopt A-form geometry due to the presence of the hydroxyl groups on the sugars, and DNA adopts B-form geometry. It is thought the stem plays a role in the placement of the loop nucleotides which determines the potential for specific interactions to occur (the U • G base pair). In addition, the loop hydroxyls clearly play a structural role (6), whether through specific interactions or through electrostatic contributions. There is no evidence for specific interactions involving the loop hydroxyls in the r[C(UUCG)G] hairpin structure (5,7), but these contacts are difficult to trace from NMR data. Therefore, specific interactions can not be excluded.
The T methyl groups may inhibit loop structure, but it is unlikely. The H5 position of U5 is in the major grove, away from the base pairing face of the residue, and there appears to be ample space to accommodate a methyl group from the model. However, this hypothesis has not been tested by modeling. There is no steric hindrance for a methyl group on U6. It is noted, however, that the hydrophobicity of the methyl groups could affect structure, especially since U6 adopts an exposed position.
